Purpose: To characterize and compare choroidal neovascularization (CNV) secondary to white dot syndromes (WDS) and age-related macular degeneration (AMD) using optical coherence tomography angiography (OCT-A). Methods: This is a cross-sectional study in which we imaged patients with CNV secondary to WDS and AMD with either the Zeiss Angioplex OCT-A or Optovue AngioVue OCT-A. Relevant demographic and clinical characteristics were collected and analyzed. CNV area and vessel density (VD) were measured by three independent graders, and linear regression analysis was subsequently performed. Results: Three patients with multifocal choroiditis and panuveitis, one patient each with birdshot chorioretinopathy, presumed ocular histoplasmosis syndrome, and persistent placoid maculopathy, and eleven patients with AMD with sufficient image quality were included. CNV associated with WDS was significantly smaller than that secondary to AMD (0.56±0.32 vs 2.79±1.80 mm 2 , β=-2.22, P=0.01), while no difference in VD was detected (0.46±0.09 vs 0.44±0.09, β=0.02, P=0.71). Conclusion: CNV networks secondary to WDS appear to be smaller than those secondary to AMD but have similar VD. OCT-A is a powerful tool to investigate properties of CNV from various etiologies. Larger studies are needed for further characterization and understanding of CNV pathogenesis in inflammatory conditions. Keywords: white dot syndromes, age-related macular degeneration, choroidal neovascularization, optical coherence tomography angiography, uveitis, inflammation, choroidal neovascular membrane
Introduction
Choroidal neovascularization (CNV) is a process by which abnormal blood vessels proliferate in response to angiogenic stimuli and can be classified into numerous types depending on anatomic location and patterns of leakage. 1 CNVs are classically associated with exudative age-related macular degeneration (AMD). 2 However, they can also occur in posterior uveitis such as multifocal choroiditis and panuveitis (MCP), birdshot chorioretinopathy (BSCR), and presumed ocular histoplasmosis syndrome (POHS). 3 Anti-vascular endothelial growth factor (anti-VEGF) therapy is effective in reducing vascular leakage and improving vision in exudative AMD. 4 However, there is comparatively little experience with anti-VEGF therapy for CNV related to posterior uveitis and the pathophysiology of CNV in these entities is not completely understood.
The development of optical coherence tomography angiography (OCT-A) has enabled three-dimensional, noninvasive, high-resolution visualization of the retinal vasculature. While it cannot yet supplant fluorescein angiography (FA) or indocyanine green angiography (ICGA) in investigating choroidal pathology, it can be used in certain situations such as detecting CNV in cases where FA or ICGA is indeterminate or equivocal and distinguishing inflammatory lesions from CNV in white dot syndromes (WDS). [5] [6] [7] Using OCT-A, distinctive vessel morphologies have been identified in different types of CNV [8] [9] [10] and there are changes in vascular microarchitecture in response to anti-VEGF that have led to insights into the pathophysiology of CNV in AMD. 11, 12 A recent study suggested that CNV secondary to MCP appeared smaller and more well circumscribed than CNV secondary to AMD, suggesting a unique phenotype with implications for distinct pathogenesis. 13 A case report of CNV related to POHS also showed a small well-circumscribed appearance on OCT-A.
14 OCT-A characterization of CNV related to BSCR and persistent placoid maculopathy (PPM) has not been previously described. Here, we present a study of patients with CNV related to POHS, BSCR, PPM, and MCP with multimodal imaging, including longitudinal spectral domain OCT-A, and compare the features of these CNVs with those secondary to AMD.
Methods study design and protocol
This study was approved by the institutional review board (IRB) at Massachusetts Eye and Ear (MEE) and conformed to the provisions of the Declaration of Helsinki. All subjects provided written informed consent, which included the publication of data.
An existing imaging protocol is in place at our institution whereby patients with chorioretinal disease may be imaged with OCT-A with either the Zeiss Angioplex OCT-A (Carl Zeiss Meditec AG, Jena, Germany) or Optovue AngioVue OCT-A (Optovue, Fremont, CA, USA) on the 3×3 mm protocol. We reviewed this database and identified patients with a clinical diagnosis of CNV secondary to either posterior uveitis or AMD imaged from February 2016 to July 2017. Patients with infectious posterior uveitis, idiopathic posterior uveitis, or fewer than 6-month follow-up were excluded. The OCT-A images were reviewed, and after excluding those with poor image quality or equivocal findings (n=3), one patient each with POHS, BSCR, and PPM and three patients with MCP were included in this study. Simultaneously, 11 eyes of 11 patients with a diagnosis of exudative AMD imaged with OCT-A were also included for comparison. When both eyes had evidence of CNV, one was chosen at random for analysis.
Medical records were reviewed to collect demographic and clinical characteristics, including age, gender, diagnosis, presenting visual acuity, and imaging from ancillary studies, such as optical coherence tomography (OCT), FA, and fundus autofluorescence (FAF). The type of CNV was determined in each case on the basis of multimodal imaging, according to previously proposed criteria.
1 OCT-A images were viewed and exported using the built-in review software of Zeiss Angioplex and Optovue AngioVue. Manual adjustment of segmentation lines was performed whenever automatic segmentation was deemed to be inaccurate.
image analysis
Measurement of CNV area and vessel density (VD) was performed in ImageJ (NIH, Bethesda, MD, USA) by three masked independent investigators (JCW, KMM, and ABS). The choriocapillaris slabs from both Zeiss Angioplex and Optovue Angiovue were utilized for analysis because the segmentation of this layer was found to be more robust and reliable than segmentation of the outer retinal layers, especially in the presence of intraretinal and subretinal fluid, even after manual adjustment. The polygon selection tool was used to manually outline the CNV network and saved as a region of interest (ROI). The entire image was then converted to 8 bit and binarized using the function adjust . threshold and the Otsu algorithm. The ROI was then reselected, and the area and VD were subsequently determined by the function analyze . measure. The measurements from the three independent graders were averaged. If the average difference was greater than 20%, the image was adjudicated by a fourth expert grader (JBM). 
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The study population demographics and clinical characteristics were summarized with traditional descriptive methods. Interclass correlation coefficient (ICC) was calculated for the CNV area and VD to assess the degree of agreement among the three graders. Additionally, paired t-tests were performed to compare CNV area and VD of eyes with WDS before and after anti-VEGF injection.
Using linear regression models, our statistical approach was centered on CNV area and VD. We started with univariate analyses for potential covariates and all parameters with a P-value of #0.25, and those with hypothesized clinical relevance were included in the initial multivariate models. A backward (step-down) elimination procedure was then used to achieve the multivariate models presented for CNV area and VD.
All statistics were performed using Stata ® Version 12.1 (StataCorp LP, College Station, TX, USA), and P-values #0.05 were considered statistically significant.
Results

Case summaries Case 1 (POhs)
A 67-year-old woman presented to MEE for the evaluation of POHS with recurrent CNV of the right eye. She received multiple intravitreal injections of bevacizumab at an outside institution over the past few years, and other etiologies of her condition were excluded via serological investigation.
On presentation, her visual acuity was 20/20 in both eyes with normal IOPs. Fundus examination was consistent with bilateral POHS. In the right eye, a subfoveal elevation related to CNV was noted ( Figure 1A ). FA showed mild perifoveal leakage ( Figure 1B ). Structural OCT revealed subfoveal fluid in the right eye with pigment epithelial detachments ( Figure 1C ). Photodynamic therapy (PDT) was added to her regimen with improved response, and the patient is now maintained on monthly injections of aflibercept.
OCT-A was performed during a recurrence ( Figure 1D ) and showed a moderate amount of subretinal fluid with no obvious CNV. We treated the patient with the combination of PDT and anti-VEGF with complete resolution of subretinal fluid at the last follow-up ( Figure 1E ). As the amount of subretinal fluid decreased, the CNV became more clearly visible on OCT-A and is demonstrated by a network of tortuous and looping vascular structures in the choriocapillaris slab.
Case 2 (BsCr)
A 58-year-old woman was referred to MEE for the management of BSCR complicated by CNV of the right eye. She received intravitreal bevacizumab (1.25 mg/0.05 mL) injection 1 month prior. On presentation, her visual acuity was 20/40 in the right eye and 20/25 in the left eye with normal IOPs. Dilated fundus examination showed mild vitritis in both eyes and multiple ovoid hypopigmented lesions throughout both retinae, as well as two hypopigmented lesions inferior to the fovea in the right eye ( Figure 2A ). FA revealed multiple areas of vascular leakage and intense leakage just inferior to the fovea of the right eye ( Figure 2B ). On structural OCT, subretinal hyperreflective material with associated subretinal fluid was observed in the area corresponding to leakage consistent with CNV ( Figure 2C ). The patient was started on mycophenolate mofetil and cyclosporine. After multiple intravitreal injections of aflibercept, the subretinal fluid is resolved, leaving only chronic cystic changes in the retina a year later.
OCT-A at that point showed an area of faint flow signal in the choriocapillaris layer surrounded by a halo of decreased signal ( Figure 2D ). Follow-up OCT-A 12 months later without anti-VEGF injections shows a clearer branching CNV network but still without any subretinal fluid ( Figure 2E ).
Case 3 (MCP)
A 38-year-old woman was presented to MEE with several days of blurry vision and metamorphopsia of the left eye. 
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Comparing choroidal neovascularization in aMD and white dot syndromes clearly showed a well-circumscribed looped CNV network in the choriocapillaris slab ( Figure 3D ). After an investigation for underlying etiologies, she was diagnosed with idiopathic MCP with CNV, started on oral prednisone, and received an intravitreal injection of bevacizumab. On follow-up examination 1 month later, her visual acuity improved to 20/25, structural OCT showed the resolution of subretinal fluid, and OCT-A demonstrated a smaller, less dense CNV network though an outer anastomotic ring remains ( Figure 3E ).
Case 4 (MCP)
A 53-year-old woman was referred to MEE for the evaluation of recurrent episodes of vitritis and subretinal fluid. She had not received any prior intravitreal anti-VEGF injections. On presentation, her visual acuity was 20/50 in the right eye and 20/20 in the left eye with normal IOPs. Dilated fundus examination showed mild vitritis, peripapillary atrophy, and multiple hypopigmented punched out lesions in the periphery of both eyes. A peripapillary subretinal lesion with greenish hue and associated subretinal fluid was also present in the right eye ( Figure 4A ). FA showed early peripapillary hyperfluorescence with intense late leakage in the right eye corresponding to the lesion seen clinically ( Figure 4B ). Structural OCT also confirmed the presence of subretinal fluid with numerous intraretinal exudates and a large mound of subretinal hyperreflectivity ( Figure 4C ). An investigation for an underlying etiology was unrevealing. The patient was started on a taper of oral prednisone at this time, which briefly resulted in the resolution of the subretinal fluid, but it recurred after the cessation of steroid therapy. She started on mycophenolate mofetil but without complete resolution of subretinal fluid. Structural OCT 3 months later showed some persistent but improved intraretinal fluid, and OCT-A more clearly showed the network of CNV in the peripapillary region ( Figure 4D ). She then proceeded to receive four monthly injections of aflibercept with some improvement in vision. Structural OCT at the most recent follow-up 2 months after the last injection showed only minimal intraretinal fluid, and the CNV appeared smaller and less dense on OCT-A with some surrounding regions of decreased flow signal in the choriocapillaris ( Figure 4E ).
Case 5 (MCP)
A 64-year-old man was returned in follow-up to MEE for CNV secondary to multifocal choroiditis in both eyes diagnosed 8 years prior. His choroiditis was felt to be secondary to acute disseminated encephalomyelitis. 15 His right eye was randomly chosen for analysis. He had received many intravitreal injections of ranibizumab and aflibercept in both eyes. On presentation, his visual acuity was 20/63 in the right eye and counting fingers in the left eye with normal IOPs. Dilated fundus examination showed subretinal fibrosis in both eyes, with hypoautofluorescence ( Figure 5A and B) . Structural OCT demonstrated subretinal hyperreflectivity with minimal subretinal fluid ( Figure 5C ). OCT-A showed a looping vascular network in the superior macula consistent with CNV ( Figure 5D ). The patient was treated with an intravitreal injection of aflibercept. 
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Case 6 (PPM)
A 64-year-old woman was returned in follow-up to MEE for CNV secondary to PPM in both eyes, diagnosed many years prior after a negative investigation for underlying diseases, with a new complaint of decreased vision in the left eye. Her left eye was randomly chosen for analysis. She had been receiving regular intravitreal injections of aflibercept in both eyes. She had also undergone implantation of the 0.59 mg fluocinolone acetonide implant (Retisert) in both eyes 3 years prior. On presentation, her visual acuity was 20/32 in the right eye and 20/40 in the left eye with normal IOPs. Dilated fundus examination showed a new area of subretinal fibrosis inferior to the fovea in the left eye with stippled hypo-and hyperautofluorescence ( Figure 6A and B) . Structural OCT demonstrated a new area of subretinal hyperreflectivity without subretinal fluid inferior to the fovea ( Figure 6C ). OCT-A showed an abnormal vascular network around the fovea of the left eye ( Figure 6D 
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Two months later, her vision improved to 20/25 in the left eye. Structural OCT demonstrated a decrease in the area of subretinal hyperreflectivity without subretinal fluid inferior to the fovea. OCT-A again showed an abnormal vascular network around the fovea of the left eye ( Figure 6E ). Table 1 summarizes the relevant imaging characteristics of CNV in the above cases of WDS, including CNV type, area, and VD. Qualitatively, most of the CNV networks appeared small, focal, well circumscribed, and globular in shape (cases 1-3). However, morphology with central branching or larger vessels and peripheral looping/anastomoses of smaller vessels was also observed and these lesions tended to be larger (cases 4-6).
Summary of CNV characteristics in WDS and aMD
A decrease in both CNV area and VD was seen in treatment-naive cases (3 and 4) after anti-VEGF therapy. In other cases, an increase in either CNV area or VD was observed. Paired t-tests comparing overall CNV area and VD before and after anti-VEGF treatment were not statistically significant (P=0.98 and 0.59, respectively). Table 2 compares demographic, clinical, and relevant imaging variables for the WDS and AMD patients considered in this study. There was excellent inter-grader reliability -the ICC for CNV area and VD was 0.99 and 0.85, respectively. The average CNV area in WDS was 0.56±0.32 mm 2 , and that in AMD was 2.79±1.80 mm 2 (P=0.01). The average CNV VD in WDS was 0.46±0.09, and that in AMD was 0.44±0.09 (P=0.71). Representative OCT-A images at the choriocapillaris of various CNV structures in exudative AMD are shown in Figure 7 .
Univariate analyses
Results of univariate analyses for CNV area and VD are shown in Table 3 . For CNV area, a statistically significant association was observed with age, number of prior injections, and diagnosis (AMD vs WDS) (P#0.03). CNV type (1 vs 2) and OCT-A platform (Zeiss vs Optovue) were borderline significant. For CNV VD, only the type of OCT-A platform (Zeiss vs Optovue) used and prior PDT presented a significant association (P=0.04, for both).
Multivariate analyses
As described in the "Methods" section, we used backward elimination procedures for multivariate analyses. For CNV area, the best model ( 
Discussion
In this study, we utilized spectral domain OCT-A to characterize CNV in various WDS, including POHS, BSCR, PPM, and MCP, and compared them to CNV secondary to AMD. We also demonstrated longitudinal changes in CNV architecture with anti-VEGF therapy in WDS. In general, CNV networks secondary to WDS seem to be smaller but have similar VD. There was an association between number of prior injections and larger CNV size, which may simply be a reflection that larger CNV lesions are more difficult to treat and require more anti-VEGF injections. Distinct CNV morphologies have been observed using OCT-A. For instance, the morphology of Type 1 CNV is characterized by large networks with dilated core feeder vessels described as "medusa-like" or "sea-fan shaped", with an average area of greater than 5 mm 2 . 16 Type 2 CNV lesions tend to be well circumscribed, often "glomerulus" Figure 7 representative OCT-a images at the level of the choriocapillaris of patients with exudative aMD from Table 2 . Notes: Large "medusa" like CNV network in an eye having received multiple prior anti-VEGF injections (A). Large branching CNV network in an eye having received multiple prior anti-VEGF injections (B). Large "seafan" like CNV network in an eye having received multiple prior anti-VEGF injections (C). Abbreviations: AMD, age-related macular degeneration; anti-VEGF, anti-vascular endothelial growth factor; CNV, choroidal neovascularization; OCT-A, optical coherence tomography angiography.
like in appearance with a surrounding dark ring of attenuated signal. 17 In one recent study directly comparing Type 1 and Type 2 CNV, Type 2 CNV was found to be smaller on average with more well-defined borders. 18 The activity of these lesions may also be predicted by certain characteristics on OCT-A, such as a well-defined shape with branching, anastomoses and loops, and the presence of a perilesional hypointense halo. 19 Reductions in the size and VD of CNV networks have been shown for treatment-naive lesions in both Type 1 and Type 2 CNV, 12 but it appears that chronic lesions do not demonstrate significant changes with repeated injections and, instead, adopt a more stable mature "filamentous" or "loose-net" configuration with larger central vessels. 20, 21 The underlying mechanism for this transformation is thought to be related to the process of arteriogenesis and pruning of smaller peripheral capillaries with repeated anti-VEGF therapy. 11 In between anti-VEGF injections, however, smaller peripheral capillaries redevelop. Our finding of increasing VD with increasing time since last injection is consistent with this hypothesis.
The current literature on the OCT-A characteristics of CNV in MCP has identified both Type 1 and Type 2 lesions. 13, [22] [23] [24] Overall, it appears that these lesions are generally less than 1 mm 2 in area and are fairly well circumscribed, often with a halo of decreased signal. 13, 22, 25 All three cases of CNV in MCP in our study were Type 2 lesions, one of which 
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Comparing choroidal neovascularization in aMD and white dot syndromes described as "glomerulus like", similar to what has previously been described in Type 2 lesions of exudative AMD. 17 The other cases (Cases 4 and 5) were slightly larger and exhibited a central branching with peripheral looping/ anastomotic pattern. These lesions were smaller even when compared with similar Type 2 lesions in AMD.
Clinically, it has been shown that anti-VEGF therapy for CNV in MCP is efficacious in improving visual acuity. 26 However, significant changes in the size or appearance of CNV on OCT-A are not always observed. Only in lesions that are treatment naive are reductions in CNV area and VD observed after anti-VEGF treatment. 13, 24 In this study, both treatment-naive lesions in MCP demonstrated reductions in CNV area and VD in response to anti-VEGF therapy.
A case of treatment-naive CNV in POHS was recently characterized with OCT-A, which was small and well circumscribed, and appeared to decrease in size with initial anti-VEGF therapy.
14 However, with repeated anti-VEGF therapy, no further decrease in size is observed. Our case of CNV in POHS was similarly small and well circumscribed but not treatment naive. Anti-VEGF therapy led to increases in CNV area on OCT-A without changes in VD. However, we theorize that the resolution of subretinal fluid with anti-VEGF therapy allowed better penetration of optical signal and visualization of residual CNV. Though this may have also occurred with our treatment-naive lesions, the amount of subretinal fluid to begin with in these cases was minimal and more substantial regression of the CNV network was likely, given the lack of previous anti-VEGF exposure.
Though CNV in PPM and BSCR has not previously been characterized by OCT-A, anti-VEGF therapy has been shown to improve visual acuity in these conditions and, in the case of BSCR, it is utilized along with systemic immunosuppression. 27, 28 In this study, the CNV structure in PPM was of moderate size with an intricate network of branching vessels. This lesion was not anti-VEGF naive, and further therapy actually resulted in increases in CNV area on OCT-A without changes in VD. The CNV structure imaged in our case of BSCR was initially very small and faint on OCT-A but, despite becoming more well-delineated over time, remained quiescent without requiring anti-VEGF therapy.
In our study, we observed that the size of CNV lesions from WDS was smaller and more focal than CNV from exudative AMD. This may have implications for our understanding of the pathogenesis of these conditions. It is thought that inflammation plays a significant role in the formation of CNV in AMD, as it has been shown that inflammatory cells and VEGF co-localize in animal models of CNV and that steroids can effectively treat CNV in some of these models. 29, 30 It is perhaps not surprising then that both AMD and WDS can lead to CNV. However, the difference in size and appearance of CNV may be a reflection of the more focal nature of inflammation in WDS, such as in MCP and POHS, which contrasts with the more diffuse macular process of AMD. We observed Type 2 CNV networks in MCP, BSCR, and PPM, which may be explained by inflammatory damage to Bruch's membrane allowing neovessels to proliferate in the subretinal space. In contrast, the Type 1 CNV seen in POHS could be a result of deeper choroidal seeding of Histoplasma capsulatum spores sparing Bruch's membrane.
OCT-A has become a powerful tool for the visualization of CNV networks, and especially in WDS, it has the potential to distinguish active inflammatory deposits that may mimic active CNV on FA and structural OCT, from actual CNV. 13, 23, 24, 31 However, meaningful interpretation of OCT-A images requires cautious analysis. Accurate segmentation is especially crucial in these cases because subretinal hyperreflectivity, pigment epithelial detachments, subretinal fluid, and intraretinal fluid are often present and can lead to inaccurate automated segmentation of the retinal layers. Even when segmentation is performed accurately, the presence of subretinal hemorrhage can attenuate signal from deeper layers of the choriocapillaris and choroid and lead to the inability to visualize CNV. 6 In our experience, it also appears that a large amount of subretinal fluid can also have a similar effect, which can potentially limit the sensitivity of OCT-A for CNV in patients who are newly diagnosed. We did find that the presence of subretinal fluid was significantly associated with decreased VD. It is notable that in the published literature of OCT-A in treatment-naive CNV, structural OCT shows little to no subretinal fluid. 12 Other image artifacts can also occur, including projection artifacts, subthreshold blood flow, motion artifact, and attenuation of flow signal from overlying material, which are especially relevant in patients with inflammatory deposits. 32 Furthermore, the visualization of choroidal vessels in eyes with RPE atrophy may be confused with CNV. 33 Thus, any meaningful interpretation of OCT-A requires a multimodal imaging approach.
The strengths of this study include the use of multimodal imaging for the analysis of OCT-A images, manual adjustment of segmentation when necessary, consistent and reliable measurements of CNV area and VD among graders, comparison of CNV lesions to those in exudative AMD, and the demonstration of longitudinal changes with anti-VEGF therapy. In addition, we have utilized different OCT-A modalities for the characterization of CNV and we performed multivariate models to account for the influence of the different covariates on the assessment of our outcomes. One limitation of this study is the small number of patients; thus, while it is difficult to make definitive conclusions, our findings certainly highlight the need for further studies. In addition, it is possible that the CNV areas were larger in AMD because of longer duration of exudative disease, but even when controlling for this parameter, diagnosis was still a significant predictor. Although there were differences in the two groups in the proportion of eyes with Type 1 CNV, proportion of eyes treated, types of treatment, imaging modality used, and age, these variables were controlled for in the multivariable analysis. CNV networks from longstanding inflammatory disease were still significantly smaller.
Conclusion
Certainly, larger studies of CNV in WDS are needed for further characterization of these lesions and understanding whether observed differences in morphology in these lesions are clinically significant or meaningful. Despite its current technical limitations, OCT-A already provides a powerful tool for the morphological analysis of CNV lesions. Future technical advancements including the ability to image leakage will further add to its value in diagnosis and management.
